Up to now, it is still a great challenge to obtain bulk quantities of luminescent 3C-SiC nanocrystals with sizes smaller than 10 nm, which have quantum confinement effect. We report in this paper on the fabrication of 3C-SiC nanocrystals via a chemical etching of microscale 3C-SiC grains and ultrasonic vibration. The sizes of the as-prepared 3C-SiC nanocrystals are smaller than 6.5 nm and have a centric distribution with the maximal probability of 3.6 nm. Due to the quantum confinement effect, the suspension of the 3C-SiC nanocrystals exhibits a tunable photoluminescence (PL), which is visible with the naked eye. As the excitation line increases from 260 to 480 nm, the PL peak position changes from 420 to 512 nm. Spectral analysis and microstructural observations show that the chemical etching leads to the formation of a weakly interconnected nanostructure network in the large 3C-SiC grains and subsequent ultrasonic vibration crumbles the interconnected network, forming small-size 3C-SiC nanocrystals.
Introduction
In 1990, Canham [1] discovered that porous silicon (PS) is capable of visible light emission at photon energies greater than the bandgap of bulk silicon at room temperature. This discovery stimulated many researchers to explore the emission from silicon nanocrystals due to the quantum confinement effect. However, the surface of PS is easily oxidized in air. Therefore, its luminescent wavelength and intensity are unstable due to the introduction of some surface/defect states [2] . Some efforts have been paid to such nanocrystals with good surface passivation. One of the adopted techniques is to obtain silicon nanocrystals from the top layer of PS, a weakly interconnected nanostructured network, by ultrasonic vibration in solutions [3, 4] . Experiments found that the suspensions of Si nanocrystals exhibit tunable violet-blue 4 Author to whom any correspondence should be addressed.
photoluminescence (PL) because of the quantum confinement on small diameter silicon nanocrystals [2, 5] . Based on the importance in blue emission, much work has recently been directed toward the realization of stable and strong blue/violet emission [6] [7] [8] [9] [10] , which is difficult to achieve from PS.
Compared to Si, silicon carbide (SiC) has excellent thermal and mechanical properties, such as high thermal conductivity, high melting point, high breakdown voltage and high electron saturation velocity. These advanced characteristics make it attractive for high-power, high-temperature, highvoltage and high-frequency applications [11] [12] [13] . In addition, the wide bandgaps (2.3, 3.0 and 3.2 eV for the main polytypes, 3C, 6H and 4H SiC [11] ) make the PL more easily pushed into the blue/violet range in comparison with Si (the bandgap is 1.12 eV) [1] . Similar to the electrochemical etching technique used to form PS, porous SiC can be formed in HF and ethanol solution. However, no obvious blue PL can be detected from the electrochemical etched SiC singlecrystal wafer because the crystallites are generally larger than 20 nm [14, 15] . Although SiC nanoparticles can be synthesized by several methods, such as implantation of carbon ions into crystal silicon wafers [16] , Si and C co-implantation into thermal SiO 2 films [17] , annealing C 60 clusters coupled on PS [18] , the formed SiC are generally localized in a complicated matrix and cannot show emission from the quantum confinement effect. In our previous investigations, we obtained porous cubic SiC (PCSC) via highly catalyzed electrochemical etching of polycrystalline 3C-SiC wafers in HF-ethanol solution under illumination with a halogen lamp. The suspensions of 3C-SiC nanocrystals with diameters ranging from 1 to 6 nm in different solutions are achieved by ultrasonic treatment on the PCSC. Stable and strong blue PL emission, which arises from the band-to-band recombination of 3C-SiC nanocrystals [19, 20] , was observed from the suspensions. However, the polycrystalline SiC wafer is expensive and difficult to prepare, and especially the amount of the SiC nanocrystals is limited due to the limited surface area of the wafer. Now that the SiC wafer is synthesized at high temperature and high pressure from the powders, could we obtain the nanocrystals from the 3C-SiC powders directly? In this paper, we report a simple and cheap chemical etching method to directly prepare bulk quantity of 3C-SiC nanocrystals from the powders, which have sizes smaller than 6.5 nm. The quantum confinement effect of the as-prepared SiC suspensions is discussed based on the PL results.
Experimental details
About 10.0 g 3C-SiC powders with grain sizes of several micrometers were used as precursory compound. The acid used for electroless etching is 65% nitric acid (HNO 3 ) with the volume of 25 ml and 40% hydrofluoric acid (HF) with the volume of 75 ml. The progress of the chemical etching can be expressed by the following three steps:
Firstly,
In the above reaction progress, HNO 3 acts as the oxidizing agent and dissolves SiC primarily to form some interconnected nanostructure network. HF removes the produced silicon oxide. The overall reaction is as follows:
HF is largely superfluous in our experiments, which will fully remove silicon oxide formed during the oxidization. The SiC powders were etched at 100
• C for 1 h. After the etching, the mixing solutions were cooled and centrifuged at 8000 rpm for 5 min to remove surplus acid. The obtained powders were washed with de-ionized water and dried at 70
• C for several hours. The residual powder is about 8.3 g, so it can be estimated that the etching rate is about 1.7 g per hour. Then, the ethanol was added and treated with ultrasonic vibration for about 30 min. The ultrasonic frequency and power is 40 kHz and 150 W, respectively. The ethanol solution with the suspended powder was placed statically for several hours or was centrifugated at 8000 rpm for 10 min. The supernatant liquor was the suspension containing the 3C-SiC nanocrystals.
The morphology of the SiC nanocrystals was characterized with a Tecnai G2 20 S-TWIN transmission electron microscopy (TEM) and a JEOL JEM-4000EX high-resolution TEM (HRTEM) equipment. The PL spectra were taken on a FluoroMax-2 fluorescence spectrometer with a resolution limit of 1 nm. All measurements were performed at room temperature.
Results and discussions
To determine the sizes of the 3C-SiC nanocrystals in ethanol, a drop of suspension via ultrasonic treatment was applied to a copper mesh coated with a layer of carbon film. Figure 1 larger than 6.5 nm can be observed, which is different from the size distribution of the Si nanocrystals crumbled from the electrochemically etched Si wafer. For Si nanocrystals fabricated using the same method, some nanocrystal sizes are larger than 10 nm, although most of them have sizes smaller than 2.0 nm [5] . Figure 1(b) is the histogram of the nanocrystal size distribution. The nanocrystals present an almost asymptotic centric distribution and the diameters of most nanocrystals are between 3.5 and 4.0 nm. A Gaussian fitting suggests that the maximal probability of the nanocrystal diameters is about 3.6 nm. From many TEM images, we can obtain the mean size of the 3C-SiC nanocrystals to be 3.75 nm. The inset displays the HRTEM image of a nanocrystal. This nanocrystal is highly crystalline with the lattice fringes corresponding to the {111} plane of 3C-SiC. Little agglomeration can be observed from the TEM image, even from the image with lower magnification (not shown here). Very good dispersion of the 3C-SiC nanocrystals is obviously due to perfect passivation of the nanocrystal surfaces during the chemical etching, which is similar to the situation for the nanocrystals crumbled from the electrochemically etched polycrystalline 3C-SiC wafer [19] . The PL from the ethanol suspension of the 3C-SiC nanocrystals is very strong so that the emission spots are visible with the naked eye only under excitation with a Xe lamp. Figure 2(a) shows the corresponding PL spectra, recorded under the excitation ranging from 260 to 480 nm of a Xe lamp. It is noticed that some PL spectra, taken under excitation wavelengths higher than 420 nm, have a slight apex around the peak position. These apexes can be calculated to be from the Raman scattering signals of ethanol. They overlap on the PL bands, broadening the lineshapes. As the excitation wavelength is larger than 300 nm, the peak position of the PL spectrum monotonically increases with excitation wavelength. No obvious emission can be observed at the excitation wavelengths beyond 480 nm. The intensity of the PL spectrum centered at about 439 nm reaches a maximum under the excitation wavelength of 360 nm. These results are clearly shown in figure 2(b) , which are the curves of the positions and intensities of the PL peaks versus excitation wavelength. Because the radii of most nanocrystals are smaller than the Bohr radius of 3C-SiC, about 2.7 nm, the redshift of the band upon excitation and the strong PL emission can contribute to the quantum confinement effect of the 3C-SiC nanocrystals [19, 21, 22] . The maximum of the PL intensity exhibits a centric distribution, which is very consistent with the size distribution of the 3C-SiC nanocrystals as demonstrated in figure 1(b) . The Stokes shift monotonically decreases and gradually approaches zero with increasing excitation wavelength, as depicted in figure 2(c) . This suggests the existence of the bandgap of 3C-SiC nanocrystals, which is in good agreement with the data reported in [23] .
The function of the bandgap on the nanoparticle size can be presented as follows:
2 eV is the bandgap of bulk 3C-SiC, μ is the reduced mass of the exciton (electron and hole), ε is the highfrequency dielectric constant of 3C-SiC and r is the radius of the particle [19, 24, 25] . It can be estimated that E * for the maximal probable radius nearly corresponds to the position of the maximal intensity of the PL peak, 439 nm, which is excited at the wavelength of 360 nm. The calculation result agrees well with the variations of the wavelength and the intensity of the PL peak on excitation line, as illustrated in figure 2(b) . It can also be seen from figure 2(b) that the PL peak position has a turning point at the excitation wavelength of 360 nm. At higher excitation energy range (the wavelength is smaller than 360 nm), the PL peak position only exhibits a slight redshift with increasing excitation wavelength. This is because the carriers in the nanocrystals with most probable size can always be excited. When the excitation wavelength further increases (>360 nm), the sizes of the smallest excitable nanocrystals increases quickly, which results in the large redshift of the PL peak [20] . On the other hand, we can see that the full width at half-maximum (FWHM) of the PL spectrum decreases with the increase of the excitation wavelength, as shown in figure 2(d) .
The decrease of the HWFM is caused by the reduction of the number of excitable nanocrystals under excitation with larger wavelengths, since different excitation wavelengths can generate free excitons with different energies depending on crystallite sizes. The variation of the FHWM also exhibits a turning point at 360 nm, which is similar to the variations of the intensity and position of the PL peak. They are all related to the centric distribution of the crystal size. These results above really suggest that the observed PL emissions arise from the band-to-band recombination of photoexcited carriers in the quantum confined 3C-SiC nanocrystals.
To determine the effects of the chemical etching and ultrasonic vibration on the formation of the nanocrystals, we prepared four samples: de-ionized water suspensions A, B, C and D. Sample A is the precursory powder. Sample B is the suspension of the precursory powder only treated with ultrasonic vibration. Sample C is the supernatant liquor of the suspension with only chemical etching of the large 3C-SiC grains and subsequent stirring for about 1 min (without ultrasonic treatment). Sample D is the suspension prepared using the whole process, including the etching and ultrasonic treatment steps.
The PL spectrum of sample A is recorded at the excitation wavelength of 360 nm, as shown in figure 3(a) . No emission can be seen except for a small peak around 467 nm, which is a background emission of the Xe lamp in the spectrometer. This is understandable because of the feature for indirect bandgap of 3C-SiC. The PL is very weak at room temperature [26, 27] . Thus, the quantum confinement cannot be expected as the sizes of grains are far larger than the Bohr radius. Figure 3(b) illustrates the image of the precursory powder taken under an optical microscopy. The image clearly shows the sizes of 3C-SiC grains at microscale. Figure 3(c) demonstrates the PL spectra of samples B, C and D, taken under excitation with the wavelength of 360 nm. For sample B, the PL spectrum is similar to that of sample A, suggesting that the nanocrystals with small diameters cannot be produced merely by ultrasonic treatment. Sample C shows a PL spectrum with lower intensity and redshifted peak position in comparison with those of sample D. This implies that the chemical etching has led to partial splitting of the interconnected network of 3C-SiC grains. Compared to those in sample D, the 3C-SiC nanocrystals in sample C present lower concentrations and larger diameters. Thus, it can be concluded that no nanocrystal can be crumbled from the precursory powder by ultrasonic treatment without chemical etching. The chemical etching produces a porous structure of large 3C-SiC grains at microscale. There are some interconnected walls between the etched micro-holes on the surfaces of the grains, similar to those on porous Si or SiC wafers [1, 28] . The wall networks are so fragile that they are crumbled during the etching and stirring. As a result, the nanocrystals form. Ultrasonic vibration crumbles more interconnected walls, leading to a drastic increase of the amount of 3C-SiC nanocrystals. Meanwhile, ultrasonic vibration decreases the sizes of nanocrystals as well. Here, we used the de-ionized water as the solvent. The deionized water suspension shows similar PL spectra to the ethanol suspension, as depicted in figure 3(d) (from sample D) . This indicates that the 3C-SiC nanocrystals with sizes smaller than 6.5 nm can be fabricated in different solvents and keep the emission property almost unchanged with the solvent.
This simple and convenient method may be used to produce other nanoparticles as well, such as other types of SiC, SiO 2 , if an appropriate etchant is selected. In addition, the amount of the nanocrystals can be augmented by a simple increase of the amounts of the precursory component and etching agents. Therefore, this method can be expected to have favorable applications in fabricating bulk quantities of nanoparticles.
Conclusions
The 3C-SiC nanocrystals in ethanol and de-ionized water have been fabricated via simple chemical etching and subsequent ultrasonic vibration from the powder consisting of largesize 3C-SiC grains at microscale. During the fabrication process, some nanocrystals slough off via the etching, and subsequent ultrasonic vibration further increases the amount and decreases the sizes of nanocrystals. The sizes of the asprepared nanocrystals range from 1.5 to 6.5 nm and are centric distribution. The ethanol and de-ionized water suspensions of the fabricated 3C-SiC nanocrystals show intense and tunable violet-blue PL, which arises from the band-to-band recombination in the quantum confined 3C-SiC nanocrystals.
